reported the cytological effects on Escherichia coli, strain B, of infection with the T-phages, excepting T5. This provided a more detailed description of the effects already noted by Luria and Palmer (1946) and by Delaporte (1948) who used T4. A study of T2r and T2r+ (Murray et al., 1950) provided little additional information. The observed changes were distinct for each serological group within the T series, and the effects in each group were constant. Rita and Silvestri (1950) have given a brief report of the cytological effects of all the T phages and come to the same conclusions. However, the indefinite descriptions and the lack of time relations do not allow strict comparison with the above studies. Concerning T5 they note the disappearance of nuclear structures in the infected cell and the appearance of fine chromatin granules, but the sequence of events is not clarified. Similarly, phase contrast (Boyd, 1949) and electron microscope (Wyckoff, 1948) studies of T5 infections do not give by themselves any definite information on structural changes in the host and require integration with a cytological study.
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The present communication concerns T5 (Demerec and Fano, 1945) and some of its serological relatives (Adams, 1952) acting on their various restricted and common host strains. The sequence of cytological changes to be reported is distinct from those produced by other members of the T series and, as far as we know, other phage systems. There is a probability that cytological characteristics provide an additional genetic marker for the study of this group.
MATERIALS AND METHODS
The bacterial hosts used were: Escherichia coli, strain B, host for T5 alone; E. coli, strain Cullen I Supported by grants from the National Research Council of Canada. (obtained from Dr. AM. H. Adams), common host for all the phages used; E. coli, strain a (obtained from Dr. I. N. Asheshov), host for 29a and BG 3 only; Salmonella poona (obtained from Dr. I. N. Asheshov), host for poona phage only; and Shigella sonnei (a laboratory stock strain), host for all except T5.
The phages 'used were: T5; *coliphage 29a
("29a", Adams, 1952) ; paratyphoid A phage (PA); paratyphoid B phage 1, (PB1); *paratyphoid B phage 2 ("PB", Adams, 1952) ; S.
poona phage 1 (poona); and *BG 3 phage ("BG3", Adams, 1952) . These phages all were obtained from Dr. I. N. Asheshov except T5 which was obtained together with E. coli, strain B, from Dr. M. Delbruck in 1946. The phages marked (*) have been proved to be related serologically to T5; the others have not been tested. T5 X PB hybrids, numbers 6, 7, 10, 12, and 14 (Adams, 1951b ) also were investigated.
A light suspension of host cells in a tryptose broth (2 per cent Bacto tryptose, 0.25 per cent NaCl, 0.02 per cent KCl, and 0.01 per cent CaC]2) was flooded onto the surface of a well dried tryptose agar plate (2 per cent Bacto tryptose, 0.5 per cent NaCl and 1.5 per cent agar). The excess suspension was aspirated. After incubation for 2½ to 3 hours at 37 C there was, usually, a uniform and homogeneous layer of actively growing cells suitable for both phage infection and cytological work. Five ml of a phage suspension, having a titer of at least 1.0 x 109 particles per ml, assayed by a "loop" method (Asheshov and Heagy, 1951) Robinow (1944) .
Additional agar blocks were placed, cell side downwards, on coverslips and fixed in Bouin's fluid (see Murray et al., 1950) . The agar blocks were flicked off the coverslips and the fixed transfers were washed, stained in 0.01 per cent thionin, and mounted in water.
Ribonuclease and desoxyribonuclease. Osmium fixed preparations were placed in a 400 ,ug per ml solution of crystalline ribonuclease or desoxyribonuclease (Worthington Biochemical Laboratory, Freehold, New Jersey), made up in distllled water for one hour at 37 C. In the case of desoxyribonuclease a small crystal of magnesium sulfate was added to the solution. The impressions were washed in tap water and then stained in diluted Giemsa. A diluent control always was included.
Feulgen reaction. Osmium fixed preparations were hydrolyzed for 10 minutes at 60 C in N HCl before placing in Schiff's base for 2 hours at room temperature. The preparations were placed in three changes of SO2 water, allowing 10 minutes in each. They were washed then for 10 minutes in cold tap water and placed in 70 per cent ethanol before counterstaining with 0.1 per cent light green in 95 per cent ethanol. This was followed by successive washings in absolute ethanol and xylol. The preparations were mounted in Canada balsam.
Calcium sensitivity. Host cells, relatively deficient in calcium, were obtained by growing E. coli, strain B, in citrate-tryptose broth (2 per cent Bacto tryptose and 0.3 per cent citric acid, pH 7.2). Two ml of an overnight growth were placed in 20 ml of fresh citrated broth and incubated for 2½ hours. This was infected with a phage suspension, also diluted in a citrate diluent (0.3 per cent citric acid in physiological saline, pH 7.2) well ahead of the experiment. The control was prepared in similar fashion using noncitrated diluents. Samples were taken with a loop at various times after infection and placed on the surface of blocks of citrate-water-agar (0.3 per cent citric acid, 1.5 per cent agar, pH 7.2). The cells on these blocks were fixed and stained as outlined above.
Phase contrast microscopy. Three to four drops of melted heart infusion agar (Difco) were transferred to the surface of a large (43 mm by 70 mm) coverslip by means of a Pasteur pipette and were spread evenly over an area about 2 cm square and in a thickness of about 1 mm. The agar was allowed to solidify. A block of tryptose agar bearing a film of S. sonnei (infected by the procedure noted above) was placed, cell side downward, on the puddle of heart infusion agar and then quickly flicked off, leaving an impression smear on the thin agar. A coverslip was placed on the preparation and fastened with paraffin for examination with dark phase contrast optics.
Ultraviolet irradiation. Two and five-tenths ml of a suspension of virus in tryptose and salts broth, having a titer of 108 to 109 particles per ml were pipetted into an open petri dish. The dish was placed about 14 inches below a General Electric 15 watt germicidal lamp. Phage particles surviving and capable of producing clearings were counted. The host cells were infected with irradiated phage by the method described above. Blocks were cut from the agar, impressions made and subjected to the HCl-Giemsa procedure. The experiments were performed in dim light to avoid photoreactivation.
Optical apparatus. Preparations were examined with a 2 mm apochromatic (Leitz) objective lens (N.A. 1.32), using an aplanatic condenser (N.A. 1.4), a hyperplane 15 X (Bausch and Lomb) eyepiece, and Kohler illumination. For phase contrast microscopy, a Bausch and Lomb phase contrast condenser and achromatic dark phase contrast objective (N.A. 1.25) were used. in cytological features. The normal cells of E. coli, strain B, using the HCl-Gieinsa technique, showed two to four well defined chromatinic bodies, the number of which varied with the age of the culture and the size of the cell (figure IA). S. sonnei was larger than E. coli, strain B, and was a very favorable cytological object ( figure  3A ). E. coli, strain alpha, was encapsulated, but in all other respects this strain, E. coli (strain Cullen), and S. poona were very similar to E. coli, strain B.
The cytological effects of T5 infection. The latent period of T5 on E. coli, strain B, was 45 to 48 minutes. During the first 10 minutes after infection, the nuclei decreased in both size and stainability. This change did not occur simultaneously in all the nuclear structures within a single cell (figure iB). As the nuclei faded away leaving the cell largely devoid of chromatin, a few basophilic dots remained, which usually vanished by 15 minutes after infection (figure iC, D). During this period, there was little in-crease in length, but there was a noticeable increase in the girth of the cell.
Using the Bouin-thionin technique, the first change was a drop in the intensity of staining of the cytoplasm. The cytoplasm at this time began to stain irregularly with thionin and the nuclear sites showed some fragmentation, which progressed until, 10 to 15 minutes after infection, the nuclear sites were not apparent. This is illustrated in figure 2B in which a number of stages are shown, due to the spread in time of infection of individual cells in a culture.
Twenty to twenty-five minutes after infection, points of synthesis of new chromatin appeared in the cell. As the infection progressed, the new chromatin granules increased in number and formed a large granular core of chromatin which almost filled the cell (figure IE). This core was surrounded by a narrow rim of cytoplasm devoid of chromatin. In many cases, the core was divided partially centrally by a protrusion of the chromatin-free peripheral rim of cytoplasm. This effect was seen most clearly in Bouin-thionin preparations at 25 to 45 minutes after infection. In these cells, the large unstained core was indented by strongly basophilic intrusions of the peripheral rim of cytoplasm lying adjacent to the cell membrane, commonly at both the poles and the equator of the cell (figure 2C).
Lysis occurred 45 to 48 minutes after infection. Before lysis, the cells had increased progressively both in length and girth as can be seen in the illustrations. The infected cells tended to burst at one end, leaving the other end temporarily intact (figure 1F). After lysis small granules remained in and around the "ghost". In Bouinthionin preparations these ghost cells often retained their basophilic polar "caps" ( figure 2D ).
Within the normal cell, using the Feulgen reaction, there were two to four Feulgen positive bodies conforming in number and arrangement to the nuclei demonstrated by the other techniques. During the first ten to fifteen minutes of infection, these Feulgen positive bodies vanished, leaving the cell completely Feulgen negative. Twenty to 40 minutes after infection, the cells filled with granular Feulgen positive material except for a narrow region adjacent to the cytoplasmic membrane. The disposition (figure 1G) corresponded very closely to that in HCl-Giemsa preparations.
When infected cells were treated with ribonuclease and stained with Giemsa, there was no difference from the results obtained with the HCl-Giemsa procedure. The chromatin cores resisted the action of ribonuclease but were removed by desoxyribonuclease.
The cytological effects of the other phages. The effects of 29a on S. sonnei appeared the same as those of T5 on E. coli, strain B. The cytological effects of BG3 on E. coli, strain a, closely resembled those of T5 and BG3 on their respective host cells.
For the first 30 to 35 minutes after infection, the changes induced by the Salmonella phages (PA, PB, PB1, and poona) were identical with those induced by the other phages. However, during the last 10 to 15 minutes of the latent period, large rounded masses of chromatin appeared within the cell (figure 3E, F, G) These seemed to result from a fusion of large granules that had appeared in the finely granular core. The large masses were intensely and uniformly Feulgen positive ( figure 3H ) and also stained uniformly with Giemsa ( figure 3F ). There was no hint of these masses in Bouin-thionin preparations; in fact, they showed no differences from similar preparations of T5 or 29a infections.
E. coli (strain Cullen) was a common host for all six viruses. The cytological changes produced by the six viruses on the Cullen strain were identical with those on the hosts used above. The characteristics of the various phages were maintained on all their alternate hosts.
Cytological effects of T5 X PB hybrids. E. coli (strain Cullen) was used as host because it supported the growth of all the phages. On the basis of host range, the phage hybrids 6 and 12 were T5-like while 7, 10, and 14 were PB-like (Adams, 1951b) . When followed in a cytological experiment it was found that: 6, 10, and 12 produced a T5-like sequence of changes, while 7 and 14 produced a PB-like sequence (formation of large chromatin masses), so that hybrid 10 with the host-range characteristics of PB phage resembled T5 in cytological effects. We would conclude from this and from Adams' data on other characters that the production of large chromatin masses by the Salmonella phages of this group is a hereditary character that segregates independently of host range, saline stability, or heat stability.
Phase contrast studies. The effects of 29a, PB, and PB1 phages on S. sonnei were studied. The 719 normal living cell of S. sonnei under the dark phase contrast microscope closely resembled a Bouin-thionin preparation. The nuclei appeared as light areas in otherwise dark cells (Tulasne, 1949a,b; Stempen, 1950) . The poles of the cell were generally darker than the rest of the cytoplasm.
Infected cells ceased to divide. Many cells gave the impression of being arrested in the process of division, for they were partially divided and did not continue their separation. With all the viruses, immediately after infection, the cytoplasm of the host became lighter and the nuclear areas smaller and less distinct. In most of the infected cells the smaller, less distinct nuclei migrated towards the periphery where they vanished, leaving the cell totally homogeneous. In some cases, as the nuclei became smaller, they became more regular in outline.
After the disappearance of the nuclei, the cell was featureless except that there was usually a single small and compact granule that moved rapidly about in the cytoplasm. The regular movements of this granule suggested protoplasmic streaming. Such a granule would have been obscured in the normal cell by the density of the cytoplasm, and it is not possible to use this as an index of unusual intracellular activity.
With each phage-host system, the size of the host greatly increased. With coliphage 29a the cell remained structurally homogeneous up to lysis. This corresponds with the observations of Boyd (1949) on the later stages of T5 infection of E. coli, strain B. In PB1 infections a number of large, violently agitating granules appeared toward the end of the latent period. These granules decreased in number as the large masses appeared in the cell. The large masses appeared about 6 to 7 minutes before lysis and were similar in size and location to the large masses seen in HCl-Giemsa preparations. As already noted, these stained evenly; however, under the phase contrast microscope (figure 4A), as well as the electron microscope (figure 4B), there was a dense outer zone surrounding a less dense inner zone.
In PB infections, the granules which preceded the formation of the large masses in PB1 infections were not observed. However, the large masses produced in both infections were identical. In most cases, the large masses underwent some degree of agitation within the cell. This difference in PB and PB 1 infections was observed only in the phase studies, and no explanation can be offered.
Stained preparations indicated that lysis commenced at one pole of the cell, leaving the other pole temporarily intact. In the phase microscope the infected cell becamie much brighter and burst suddenly at one end; internal granules were spewed from the end of the cell, and with the exception of the smaller, compact granules became instantly unrecognizable. These changes constituted the rapid phase of lysis and lasted only a fraction of a second. After the burst, a wave of dissolution passed from the ruptured to the intact pole, leaving in its wake a shapeless mass of debris. This debris consisted in part of small, spherical or ellipsoidal particles (figure 5A), which may have been fragments of the cell wall (Hillier et al., 1949 A. Phase contrast preparation, 50 minutes after infection with PB phage. In the center, a large infected cell may be observed to contain a large "hollow" chromatinic mass. Remnants of lysed cells also may be seen. Note the small, elliptical discs which appear in the field at lysis.
B. Osmium fixed and hydrolyzed cells, 50 minutes after infection with PB phage, as seen in the electron microscope. In many cases the large bodies appear to have a dense outer zone and a less dense internal zone. Adams (1951a,b and 1952) came to the conclusion that the T5, PB, BG3, and 29a viruses belonged to a single species. His conclusions were based on serological similarity, heat, and ultraviolet inactivation rates of similar magnitude, and the ability of the various members of the group to produce hybrid types in mixed infections. He found (Adams, 1949) that they all required calcium for some stage of multiplication subsequent to adsorption onto the host cell. The phages were morphologically identical.
The sequence of cytological effects during infection with these various phages, summarized in table 1, provides another basis for linking the masses, they may be valuable as a genetic marker. This illustrates the possibility of using the cytological effects of phage infection in the classification and identification of bacterial viruses. As has been pointed out by Beumer and Quersin (1947) , by Luria and Human (1950) , and further illustrated here, the cytological effects are a characteristic of the phage and not of the host cell.
The details of the general sequence of changes present some puzzling and fundamental problems concerning both cytological methods and the metabolism of infected cells. In a previous paper (MIurray et al., 1950) we have discussed the application of cytological methods to the T2/E. coli, strain B, system and found reasonably good correlation with the extensive biochemical investigations of that system. In the present study, the cytological methods are similar but there are not any detailed biochemical studies for comparison.
Perhaps the most astounding effect of the infections considered here was the initial loss of stainable nuclear chromatin within 10 minutes of phage adsorption. To supplement this observation we made some chemical estimations (unpublished) of the nucleic acid content of homogeneous and the phase observations of the living system; it was observed also in electron micrographs (unpublished) at the same time intervals. Therefore, it is possible that a part of the problem involves dispersion of the desoxypentose nucleic acid into the protoplast generally. In any case, this would imply a radical change in the state of nuclear components.
Another of the early changes after infection was a decrease in cytoplasmic basophilia (i.e., in Bouin-thionin preparations). The fact that the enzyme ribonuclease was just as effective as some process after adsorption of the phage but before lysis. When cells were infected with T5 in calcium-free tryptose broth, the homogeneous cells were formed, but they did not develop into granular cells as they did in tryptose broth containing sufficient calcium. The lack of this cation apparently prevents the formation of the chromatin associated with phage production but does not prevent the initial cytological changes. Luria and Human (1950) found that ultraviolet-irradiated T2 and T2r produced initial changes within the cell identical with those produced by unirradiated virus. However, instead of proceeding to lysis, the cell, infected with irradiated virus, lost its chromatin and remained in this state over a period of time. When irradiated PB phage 1 was used to infect S. sonnei, homogeneous cells appeared, persisted for a long time, and eventually lysed without further progress. In this case, presumably, the phage is incompetent to induce more than the initial stage.
A feature of cells in the later stages of infection with all these phages was the persistence of a rim of protoplasm having the staining and cytochemical (pentosenucleic acid) characteristics of cytoplasm. This cytoplasmic remnant seemed to be more evident and more neatly disposed in this system than in others that we have studied. The pronounced polar and equatorial intrusions into the central core probably correspond to the centers of strong redox activity that may be found in normal cells and persist in E. coli, strain B, infected with T2 phage (Mudd et al., 1951a,b; 1952) .
The burden of this paper is a catalogue of the effects of this group of phages on the cellular structure of the host. Within the rather restricted limits of analysis by the cytological methods we have employed, it would appear that T5 and its relatives produce biochemical changes in the host that are both striking and peculiar.
SUMMARY
Using current cytological methods, it has been found that T5 and its relatives produce similar changes in the host cell during the first half of the latent period. The initial events were: cessation of cell division; partial loss of cytoplasmic basophilia (mainly pentosenucleic acid); complete loss of stainable nuclear chromatin (mainly desoxypentose nucleic acid); and a progressive disruption of the nuclear sites. During the second half of the latent period (ca 20 minutes to lysis) synthesis of new nuclear chromatin started and progressed in the form of a finely granular core. This was true of all the phages, but some of them (the PB and Salmonella poona phages) formed spherical chromatin masses that were an additional characteristic.
Studies of T5 X PB hybrids indicate that the intracellular arrangement of new chromatin is probably a hereditary phage characteristic. This may be of further aid in classification.
Infections do not proceed beyond the initial (homogeneous) stage if the host cells are deprived of calcium or if the host cells are infected with ultraviolet inactivated phage.
